ABSTRACT: In Bahía de la Ascensión, Mexico, the fishery for spiny lobsters Panulirus argus is based on the extensive use of casitas, large artificial shelters that can harbor the full size range of these highly gregarious lobsters. The discovery of a pathogenic virus in these lobsters (Panulirus argus virus 1, or PaV1) has raised concern about its potential effects on casita-based fisheries. Because in Bahía de la Ascensión visibly infected lobsters represent an immediate loss of revenue, we examined variability in clinical prevalence of PaV1 (percentage of lobsters visibly infected) in thousands of lobsters sampled from the commercial catch at the onset of 3 consecutive fishing years, and from 530 casitas distributed over 3 zones within the bay during 2 fishing and 2 closed seasons. In the commercial catch (lobsters 67 to 147 mm carapace length [CL]), clinical prevalence of PaV1 was low and was not affected by year or sex. In lobsters (9.2 to 115.0 mm CL) that occupied casitas, clinical prevalence of PaV1 varied with sampling season and was always higher in juveniles than in subadults or adults, but was consistently lower in one zone relative to the other 2 zones. The average clinical prevalence of PaV1 in this bay was statistically similar to the average clinical prevalence reported in Cuba, where casitas are also used, and in Florida Bay, USA, where casitas are not used. To date, PaV1 has had no discernible impact on the lobster fishery in Bahía de la Ascensión, suggesting that clinical prevalence is not influenced by the use of casitas per se. 
INTRODUCTION
Spiny lobsters (Palinuridae) represent valuable fisheries resources in all tropical and temperate seas of the world, and the Caribbean spiny lobster Panulirus argus (Latreille, 1804) constitutes nearly 50% of the world catch (Phillips & Melville-Smith 2006) . Throughout the Caribbean region, fishers use a vast array of fishing methods to catch P. argus. In particular, in certain areas of Cuba and the Bahamas, and in 2 bays located on the Caribbean coast of Mexico (Bahía de la Ascensión and Bahía Espíritu Santo), large artificial shelters called 'casitas' are extensively used to commercially harvest lobsters (BrionesFourzán et al. 2000 , Cruz & Phillips 2000 , Ehrhardt et al. 2010 . Basically, a casita is a flat slab separated from the substrate by a few centimeters, thus creating a large 'crevice' that can harbor multiple lobsters (Briones-Fourzán et al. 2000) .
With the exception of the smallest benthic juveniles, Panulirus argus show a strong tendency to aggregate in diurnal crevice-type shelters (Childress & Herrnkind 1996) . Gregariousness increases survival of P. argus because shelter-sharing lobsters use their long and spiny antennae in concert to fend off approaching predators , and lobsters seeking shelter reduce their time of exposure by following chemical cues released from sheltered conspecifics (Ratchford & Eggleston 1998 , Nevitt et al. 2000 . Thus, by promoting gregariousness and hence survival, casitas increase local density and biomass of P. argus lobsters (Briones-Fourzán & Lozano-Álvarez 2001 , Briones-Fourzán et al. 2007 ).
However, wild populations of Panulirus argus are currently affected by a pathogenic disease caused by an unclassified virus named Panulirus argus virus 1 (PaV1) (Shields & Behringer 2004) . The pathology of lobsters infected with PaV1 was recently reviewed by Shields (2011) and Behringer et al. (2011) . Briefly, upon infecting a host, PaV1 attacks circulating hyalinocytes and semigranulocytes. The virus also targets the spongy connective tissue, and the hepatopancreas is the most severely affected organ. Heavily infected lobsters eventually die from metabolic wasting. Clinical (i.e. visible or macroscopic) signs of infection (indicating the presence of disease) are a milky white hemolymph that fails to clot (as opposed to the normal transparent, bluish hemolymph that clots rapidly) and a reddish discoloration over the exoskeleton. As infection progresses, lobsters become lethargic and cease to molt, as indicated by their fouled carapaces. PaV1 primarily infects benthic juvenile lobsters, and prevalence decreases with increasing size of lobsters.
The discovery that PaV1 can be transmitted by contact and over short distances through water (Butler et al. 2008) has raised concern about the potential impact of this viral disease on the fisheries for Panulirus argus, especially where casitas are used (Behringer et al. 2012) . On the other hand, grossly normal lobsters tend to avoid shelters harboring diseased conspecifics, potentially limiting the spread of the virus (Behringer et al. 2006 ). However, this avoidance behavior may be modulated by the local availability of appropriate shelter. For example, Lozano-Álvarez et al. (2008) recorded high levels of cohabitation between grossly normal lobsters and lobsters visibly infected with PaV1 in casitas, suggesting that lobsters may make a trade-off between avoiding disease and avoiding predation.
In wild populations affected by a pathogenic disease, some hosts are likely to be uninfected, some subclinically infected (i.e. infected but not diseased) and others clinically infected (i.e. diseased); therefore, surveys based only on clinical prevalence underestimate the true prevalence of infection (Flegel 2007 , Behringer et al. 2011 , Flegel & Sritunyalucksana 2011 . Estimating the true prevalence of PaV1 requires the use of expensive and/or time-consuming techniques such as histopathological analyses (Shields & Behringer 2004) , fluorescence in situ hybridization (Li et al. 2006 ), or PCR assays (Montgomery-Fullerton et al. 2007 ). These techniques have invariably confirmed the presence of PaV1 in wild Panulirus argus that have exhibited milky white hemolymph , Cruz-Quintana et al. 2011 , Pascual-Jiménez et al. 2012 , but have also revealed that many lobsters that appear grossly normal are subclinically infected (e.g. Behringer et al. 2012, J. P. Huchin-Mian unpubl. data) . However, from a fisheries perspective, estimating clinical prevalence of PaV1 may provide useful information. For example, in Bahía de la Ascensión, legal-sized lobsters clinically infected with PaV1 are not commercialized and hence represent a loss of revenue, while clinically infected juvenile lobsters, which are more likely to succumb to the disease, may represent a more immediate source of mortality for the population. Therefore, the aim of the present study was to assess spatial and temporal variations in clinical prevalence of PaV1 in lobsters from Bahía de la Ascensión to provide insight into the potential impact of this pathogenic disease on casita-based fisheries.
MATERIALS AND METHODS

Study area
Bahía de la Ascensión is a large, shallow bay (740 km² in area, average depth 3.5 m, maximum depth 7 m) located on the Caribbean coast of Mexico (state of Quintana Roo). The bay is protected from wave surge by an interrupted subtidal coral reef (Jordán-Dahlgren et al. 1994) (Fig. 1) . It is bordered by coastal mangrove forests, and there is a chain of mangrove keys ('cayos') emerging near the center of the bay (Fig. 1) . Depth increases rapidly at a distance of 1 to 3 km off the coast (Lozano-Álvarez et al. 1993) . A complex patch mosaic of benthic habitats occurs across the bay, but in general, the outermost third of the bay is dominated by extensive seagrass-macroalgal meadows that offer a good settlement habitat for postlarvae of Panulirus argus. The middle third of the bay contains less vegetation and more exposed hard bottoms. The innermost third is characterized by a thick layer of soft, unconsolidated sediments overlaying the limestone bottom (Lozano-Álvarez et al. 1991 , Briones-Fourzán 1994 , Arellano-Méndez et al. 2011 . Along the entire margin of the bay there is only one small village (population 600) officially named 'Javier Rojo Gómez', but also known as 'Punta Allen' after the land point where it is located (Fig. 1) .
The lobster fishery in Bahía de la Ascensión
The Panulirus argus fishery in Bahía de la Ascensión is remarkably sustainable owing to the organizational scheme implemented by the fishing cooperative that includes all the local fishers (Sosa-Cordero et al. 2008) . Briefly, the bottom of the bay was partitioned into numerous fishing parcels ('campos') allotted to individual fishers. Fishers are free to deploy within their campos as many casitas as they are willing to invest in, but on average, there are 3.3 casitas ha −1 in individual campos. Most casitas are made entirely of ferrocement and measure ~2 m² in surface area and ~12 cm in inner height. The fishers survey the casitas by skin diving and extract the lobsters with hand nets. Internal regulations of the cooperative forbid fishing in someone else's campo (to ensure ownership of casitas), the use of SCUBA or hookah diving and the use of gaffs as fishing gear. Federal fishing regulations in clude a minimum legal size of 135 mm abdominal length (~74 mm carapace length [CL] on average), a 4 mo closed season from March 1 to June 30 and a prohibition on capturing ovi gerous females.
Data collection
We sampled lobsters from (1) the commercial catch, which consists of adult and large subadult lobsters and (2) directly from hundreds of casitas harboring the full size range of lobsters, from small juveniles to adults. Lobsters from the commercial catch were randomly sampled at the landing site (the town pier) at the onset of 3 fishing seasons (July to August in 2008 August in , 2009 August in and 2010 , when the catch is typically highest (Lozano-Álvarez et al. 1991) . Lobsters were individually measured (mm CL) with vernier calipers (± 0.1 mm), sexed (based on dimorphic characters), and externally inspected for clinical signs of PaV1 infection (milky white hemolymph, clearly visible through the transparent membrane between the cephalothorax and the abdomen, combined or not with a reddish discoloration over the exoskeleton).
We sampled lobsters directly from casitas during 2 fishing seasons (FS) and 2 closed seasons (CS). However, as the cooperative requested that sampling not be conducted during the first months of the FS (July to October) and the last month of the CS (June), we took samples in November 2008 . In all 4 seasons we sampled lobsters from numerous casitas distributed over 2 large bay zones: 'Punta Allen', which comprised multiple campos located between Punta Allen and the coral reef, and 'Vigía Chico', which comprised multiple campos along the northern coast in the middle third of the bay (Fig. 1) . In CS1 and CS2 we also sampled lobsters from numerous casitas in another bay zone, 'Los Cayos', which comprised multiple campos along the chain of mangrove keys and extended towards the coral reef (Fig. 1) . Sampling operations were conducted by 2 teams in separate boats. Starting in different parts of a zone, each team sailed along transects roughly perpendicular to the nearest coast and surveyed all casitas encountered en route by skin diving. All lobsters found in a given casita were extracted with hand nets and placed into a large mesh bag, which was then secured to one side of the boat so that the lobsters were kept underwater (Lozano-Álvarez et al. 1991) . To further minimize exposure to air, lobsters were extracted from the bag one at a time, measured with vernier calipers (mm CL), inspected for clinical signs of PaV1 infection and immediately returned to the same casita. The entire procedure took less than 2 min per lobster. At all times, inspection of lobsters was done by the same 2 persons (1 per team). These 2 persons have inspected thousands of lobsters for clinical signs of infection by PaV1 since 2000. In 2008, their accuracy in correctly identifying clinically infected lobsters (100%) was tested in the laboratory by PCR assays.
Statistical analyses
The data were subjected to logistic regression analyses in which the binary response variable was the presence or absence of clinical signs of PaV1 infection. For lobsters sampled from the commercial catch, we were interested in testing the effects of size (continuous covariate) and the following categorical factors on the probability of finding clinically infected lobsters: year (to examine temporal variability in clinical prevalence of PaV1), sex (to examine whether in large lobsters, which are typically less susceptible to PaV1, both sexes were equally likely to manifest the disease) and ontogenetic phase (to compare clinical prevalence between the 2 ontogenetic phases that comprise the catch: subadults [≤80 mm CL] and adults [> 80 mm CL] Finally, owing to the different provenance of subadult and adult lobsters sampled from the commercial catch (obtained from casitas distributed throughout Bahía de la Ascensión) and those that we sampled directly from casitas (restricted to our 3 sampling zones), we compared the clinical prevalence of PaV1 in lobsters of these ontogenetic phases sampled from both sources. In all cases, 2-sided 95% CIs for prevalence were computed using Wilson's score method with continuity correction (see Newcombe 1998) . Results of all statistical analyses were considered significant if p < 0.05.
RESULTS
Samples from the commercial catch
Overall, we examined 5132 lobsters (67.0 to 147.3 mm CL) from the commercial catch. The clinical prevalence of PaV1 (percent of lobsters visibly infected ± 95% CI) in different categories of these lobsters is shown in Table 1 . Relative to 2008, we substantially increased sample sizes in 2009 and 2010 to obtain a more precise estimation of prevalence (Newcombe 1998) . Yearly estimates of clinical prevalence of PaV1 in lobsters from the commercial catch varied between 0.7 and 1.6% (average: 1.1%) ( infected lobsters impeded subjecting the data to a full logistic regression model; therefore, we first tested the effects of size, year and sex (Model A) and then tested the effects of year and ontogenetic phase (Model B) on the probability of finding clinically infected lobsters. Estimates for Model A revealed that this probability significantly decreased as lobster size increased but was not significantly affected by year or sex (Table 2) , or their interactions (p-values: 0.201 to 0.278). Estimates for Model B showed that the probability of finding clinically infected lobsters was significantly higher in subadults relative to adults (odds ratio: 2.33) and marginally higher in 2009 relative to 2010 (odds ratio: 1.68) ( Table 2 ). The lack of significant interactions (p-values: 0.510 to 0.958) reflected that, in all 3 yr, clinical prevalence of PaV1 was higher in subadults (range: 1.5 to 3.0%, average: 2.2%) than in adults (range: 0.2 to 0.8%, average: 0.45%) (Fig. 2) .
Samples from casitas
We surveyed a total of 530 casitas harboring 4849 lobsters (9.2 to 115.0 mm CL). Overall, most lobsters found in casitas were subadults (53.1%) and large juveniles (32.0%), and there was a lower proportion of small juveniles (9.3%) and adults (5.6%); clinical prevalence of PaV1 decreased within successive ontogenetic phases (Table 3 ). In the full size range of lobsters, seasonality in clinical prevalence of PaV1 varied from 4.1 to 6.0% (average: 4.8%). It was not possible to subject the entire data set to a full regression analysis because (1) Los Cayos was only sampled in 2 sampling seasons, (2) we found no clinically infected adults in any of the casitas that we sampled (Table 3) and (3) in some sampling seasons, we also found no clinically infected lobsters within other ontogenetic phases in Vigía Chico (data not shown). Therefore, we did 3 separate analyses to test the effect of different factors on the probability of finding clinically infected lobsters. In Model A, we tested the effects of size, season and zone with data collected from Punta Allen and Vigía Chico during the 4 sampling seasons. In Model B, we tested the effects of the same factors as in Model A but with data collected from the 3 zones during the 2 closed seasons (CS1 and (2008, 2009, 2010 ) and sex; 2010 and males are reference levels. Factors included in Model B were year and ontogenetic phase (subadults, adults); 2010 and adults are reference levels. In both models, interaction effects (not shown) were not significant In Model C, we tested for the effects of ontogenetic phase (excluding adults) and zone after pooling the data from the 4 sampling seasons for each zone. Estimates for Model A showed that the probability of finding clinically infected lobsters decreased with increasing lobster size, was significantly lower in FS1 (odds ratio: 0.41) and higher in CS1 (odds ratio: 3.08) relative to CS2 and was significantly higher in Punta Allen (odds ratio: 2.73) relative to Vigía Chico (Table 4 ). The lack of significant interactions (p-values: 0.150 to 0.324) reflected a similar seasonal pattern in clinical pre valence in these 2 zones (Fig. 3) . Estimates for Model B showed that the probability of finding clinically in fected lobsters decreased with in creas ing lobster size, was higher in CS1 (odds ratio: 1.50) relative to CS2 and was significantly higher in Punta Allen (odds ratio: 2.13) and lower in Vigía Chico (odds ratio: 0.32) relative to Los Cayos (Table 4) , with no significant interactions (p-values: 0.063 to 0.981). Estimates for Model C revealed that the probability of finding clinically in fected lobsters was significantly higher in small juveniles (odds ratio: 2.25) and large juveniles (odds ratio: 1.60) re lative to subadults, and significantly higher in Punta Allen (odds ratio: 1.57) and lower in Vigía Chico (odds ratio: 0.43) relative to Los Cayos ( Table 4 . Panulirus argus. Estimates for logistic regression analyses testing the effects of different factors on the probability of finding lobsters visibly infected with PaV1 in samples taken directly from casitas. Factors included in Models A and B were size (CL), sampling season and zone. In Model A there were 4 levels for season (FS1, CS1, FS2, CS2) and 2 levels for zone (Punta Allen, Vigía Chico); CS2 and Vigía Chico are reference levels. In Model B there were 2 levels for season (CS1 and CS2) and 3 levels for zone (Punta Allen, Vigía Chico, Los Cayos); CS2 and Los Cayos are reference levels. Factors included in Model C were ontogenetic phase (3 levels, small juveniles: ≤30 mm CL; large juveniles: 30.1 to 50 mm CL; subadults: 50.1 to 80 mm CL) and zone (3 levels: Punta Allen, Vigía Chico, Los Cayos); subadults and Los Cayos are reference levels. In all models, interaction effects (data not shown) were not significant sponding to small and large juveniles (see Table 3 ) indicate that clinical pre valence of PaV1 was sim ilar in lobsters of these 2 ontogenetic phases, but much higher than in sub adults. Clinical prevalence of PaV1 in subadult and adult lobsters did not differ significantly with provenance of samples, i.e. commercial catch (see Table 1 ) versus casitas (see Table 3 
DISCUSSION
Overall, our results suggest that the use of casitas to harvest lobsters commercially does not necessarily affect the clinical prevalence of PaV1 in Panulirus argus. For example, the average clinical prevalence in lobsters sampled from casitas in Bahía de la Ascensión (4.8%) was similar to the average clinical prevalence estimated in the Gulf of Batabanó, Cuba (4.7%), where casitas are also extensively used (Cruz-Quintana et al. 2011) , and in Florida Bay, USA (5%), where casitas are not used (Behringer et al. 2011) , and clinical prevalence of PaV1 is significantly higher in lobsters ≤ 50 mm CL in all these locations. However, the magnitude of prevalence of pathogenic infections may vary in space and time owing to the effects of many intrinsic (e.g. nutritional condition, molting activity, changes in host immune defense factors) and extrinsic factors (e.g. habitat features, sea water temperature, salinity, rainfall) (Altizer et al. 2006 , Mullowney et al. 2011 . Thus, clinical prevalence of PaV1 ranged from 0 to > 40% in individual sites over Florida Bay sampled in different seasons (Behringer et al. 2011) and was higher during the rainy season than during the dry season in Cuba, where it also varied between sampling zones (Cruz-Quintana et al. 2011 ). In Bahía de la Ascensión, clinical prevalence of PaV1 varied with sampling season, but was consistently lower in Vigía Chico than in Punta Allen and Los Cayos. Interestingly, the true prevalence of PaV1 was also found to be significantly lower in Vigía Chico relative to Punta Allen, as revealed by PCR assays testing for the presence of PaV1 DNA in hundreds of lobsters from these 2 zones (J. P. Huchin-Mian unpubl. data). In conjunction, these findings suggest that the magnitude of the prevalence of PaV1 in the full size range of lobsters is not necessarily influenced by the use of casitas per se but partially depends on local environmental features.
Adult Panulirus argus can be infected with PaV1 (Huchin-Mian et al. 2009 , Behringer et al. 2012 but are less likely to develop the disease than are smaller conspecifics. However, adult lobsters are the main target of the fisheries, but few studies have examined the clinical or true prevalence of PaV1 in wild adult lobsters (Behringer et al. 2011 , Cruz-Quintana et al. 2011 ). In Bahía de la Ascensión, none of the 272 adults that we sampled from casitas was clinically infected. However, as there are currently ~18 600 casitas deployed throughout this bay (Sosa-Cordero et al. 2008) , we were able to examine a total of 3103 adult lobsters from the commercial catch, of which 14 (0.45%) were clinically infected. This estimate does not differ significantly Over the last decade, the production of Panulirus argus has steadily declined throughout the Caribbean, both in trap-based fisheries (e.g. Florida and Honduras/Nicaragua) and in some casita-based fisheries (e.g. Cuba and the Bahamas) (Ehrhardt et al. 2010 , Behringer et al. 2012 . Whether PaV1 has played a role in this decline remains unknown, given the potentially confounding effects of multiple environmental, climatic, and anthropogenic factors on the population dynamics of exploited crustaceans (e.g. Bonami & Zhang 2011 , Stentiford & Neil 2011 . However, this declining trend has not occurred in Bahía de la Ascensión. On the contrary, the production of P. argus in this bay increased from an average of 29 t of lobster tails per year (~90 t of whole lobsters) in the period from 1990 to 1999 (before emergence of the PaV1 disease) to an average of 40 t per year (~120 t of whole lobsters) in the period from 2000 to 2006 (after emergence of the disease), despite a substantial reduction in several fishing effort indicators (e.g. number of fishers, boats and casitas) between the 2 periods (Sosa-Cordero et al. 2008) . These numbers represent an increase from 15.8 to 22.5% of the total lobster production of the state of Quintana Roo between the 2 periods, suggesting that, at least up to 2006, PaV1 had no discernible impact on the sustainability of the lobster fishery in Bahía de la Ascensión. In 2007, the fishing cooperative stopped commercializing legal-sized lobsters clinically infected with PaV1 despite the loss of revenue that this would entail, but the fishers continue extracting these lobsters from the casitas in order to destroy them on land. However, this operation cannot be performed during the closed season and, in addition, no sub legal-sized lobsters can be extracted from casitas at any time. Moreover, in Bahía de la Ascensión and elsewhere, many lobsters of all sizes that appear grossly normal have been found to be subclinically infected, and although some of these lobsters may never develop the disease, they may represent a background source of infection (Huchin-Mian et al. 2009 , unpubl. data, Behringer et al. 2012 ). Therefore, in addition to determining which local factors are more likely to influence the susceptibility of hosts to PaV1, future research should also aim to estimate local mortality rates associated with PaV1 in lobsters from different ontogenetic phases. 
